During prolonged nutrient restriction, developing animals redistribute vital nutrients to favor brain 18 growth at the expense of other organs. In Drosophila, such brain sparing relies on a glia-derived growth 19 factor to sustain proliferation of neural stem cells. However, whether other aspects of neural 20 development are also spared under nutrient restriction is unknown. Here we show that dynamically 21 growing somatosensory neurons in the Drosophila peripheral nervous system exhibit organ sparing at 22 the level of arbor growth: Under nutrient stress, sensory dendrites preferentially grow as compared to 23 neighboring non-neural tissues, resulting in dendrite overgrowth. Underlying this neuronal nutrient-24 insensitivity is the lower expression of the stress sensor FoxO in neurons. Consequently, nutrient 25 restriction suppresses Tor signaling less and does not induce autophagy in neurons. Preferential dendrite 26 growth is functional desirable because it results in heightened animal responses to sensory stimuli, 27 indicative of a potential survival advantage under environmental challenges.
Figure 1. Nutrient restriction affects the growth of epidermal cells and C4da neurons differentially.
(A-B') Double labeling of ddaC neurons by ppk-CD4-tdTom (A and B) and epidermal cells by the septate junction marker Nrg-GFP (A' and B') in the high yeast (HY, 8%) condition at 120 hrs after egg laying (AEL) (A and A') and in the low yeast (LY, 1%) condition at 240 hrs AEL (B and B'). (C and D) Plots of segment width (C) and total dendrite length of ddaC neurons (D) versus time in HY and LY conditions. (E and F) Plots of total dendrite length (p≪0.05) (E) and dendrite density (total dendrite length/dendrite coverage area, p≪0.05) (F) with segment width in HY and LY conditions. Each circle represents a segment in (C) and a ddaC neuron in (D-F); n=63 for HY; n= 115 for LY. Solid lines represent polynomial fits in (C) and (D) and linear fits in (E) and (F). R 2 represents coefficient of determination of the linear regression. Grey shading in (E) and (F) represents a 0.95 confidence interval (CI) of the linear model. p-value represents the possibility that the slops of two yeast conditions are the same. Scale bars, 100 μm.
To test whether slowing down epidermal growth, such as seen under nutrient stress, can lead to 155 excessive dendrite growth, we inhibited InR and Tor in epidermal cells under the HY condition. UAS-156 driven transgenes were expressed by Gal4 R16D01 Figure 2M ). As a result, the ratios of pRpS6 intensity (average intensity within 173 regions of interest) between the neuronal compartments and epidermal cells are much lower than 1 174 ( Figure 2P ). Under nutrient stress, the overall pRpS6 staining on the larval body wall dramatically 175 decreased ( Figure 2O ), consistent with the notion that nutrient stress reduces InR/Tor signaling in 176 peripheral tissues (Geminard et al., 2009). However, in these animals, the pRpS6 signals were brighter 177 and more even in C4da cell bodies and dendrites than in the epidermal cells ( Figure 2N ), causing the 178 ratios of pRpS6 intensity between the neuronal compartments and epidermal cells to be larger than 1 179 ( Figure 2P ). These data suggest that nutrient stress switches the relative strength of the InR/Tor 180 signaling in C4da neurons and epidermal cells such that the neurons gain a growth advantage over 181 epidermal cells.
182
The lack of autophagy induction protects C4da neuronal growth under nutrient stress 183 Nutrient stress suppresses mTOR activity to induce many cellular responses, including autophagy (He 184 and Klionsky, 2009). We therefore tested if autophagy is also differentially regulated by the nutrient 185 (A-F) ddaC neurons in the Gal4 ppk control (A and D) and animals expressing Gal4 ppk -driven InR RNAi (B and E) and Tor RNAi (C and F) in HY and LY conditions. (G) Quantification of normalized dendrite length (total dendrite length/segment width) in HY and LY conditions. HY: n=14 for Gal4 ppk , n=15 for InR RNAi, n=11 for InR DN, n=15 for Tor RNAi, n=15 for Tor DN; LY: n=14 for Gal4 ppk , n=12 for InR RNAi, n=14 for InR DN, n=15 for Tor RNAi, n=15 for Tor DN. (H) The ratios of average normalized dendrite length between LY and HY. (I-K) ddaC neurons in the Gal4 R38F11 control (I) and animals expressing Gal4 R38F11 -driven InR RNAi (J) and Tor RNAi (K) in HY condition. (L) Quantification of normalized dendrite length in HY condition. n=23 for Gal4 R38F11 , n=17 for InR RNAi, n=17 for InR DN, n=16 for Tor RNAi, n=17 for Tor DN. (M-O) pRpS6 staining (magenta) of ddaC neurons (Green) and epidermal cells in HY and LY conditions in 2dimesional (2D) projections. The insets in (M) and (N) show pRpS6 staining at the soma (1) and primary dendrites (2) in single confocal sections, with the somas and dendrites outlined. High settings and low settings stand for high and low pRpS6 detection settings. (P) Quantification of pRpS6 intensity ratio (soma/epidermal cells and dendrites/epidermal cells) in HY and LY conditions. Soma/epi: n=17 for HY, n=20 for LY; dendrites/epi: n=16 for HY, n=20 for LY. For all quantifications, ***p<0.001; ns, not significant; One-way ANOVA and Tukey's HSD test; each circle represents a neuron. is converted from dual colors to mCherry alone when autophagosomes mature (Kimura et al., 2007; 197 Nezis et al., 2010). Thus, increased autophagic flux results in a reduction of cytosolic GFP and an 198 increase of vesicular mCherry, indicated by an increased ratio of mCherry area over GFP intensity.
199
Using this marker, we found that the autophagic flux level was always higher in epidermal cells and that These data together suggest that nutrient restriction upregulates autophagy in epidermal cells but 224 not in C4da neurons, and that the lack of autophagy induction likely protects neurons from growth 225 suppression under nutrient stress.
226
expressing Gal4 R16D01 -driven Atg8a RNAi in HY and LY conditions. Gal4 R16D01 domain is labeled by mIFP expression (magenta). All epidermal cells are labeled by Nrg-GFP (green). The blue and yellow overlays indicate the measured Gal4expressing and wildtype (WT) epidermal cells, respectively. (D) is the same as Figure S2G . (H) Quantification of epidermal cell size ratio (Gal4 R16D01 cells/WT cells) in HY and LY conditions. Each circle represents a segment; HY: n=18 for control, n=14 for Atg8a RNAi; LY: n=16 for control, n=19 for Atg8a RNAi. (I) Quantification of normalized dendritic length in control and Atg8a RNAi animals in HY and LY conditions. Each circle represents a neuron; HY: n=17 for Gal4 ppk , n=16 for Atg8a RNAi; LY: n=15 for Gal4 ppk , n=12 for Atg8a RNAi. detected FoxO protein in C4da nuclei using antibody staining, so it is possible that FoxO is expressed at 250 levels too low for detection in our approaches. These data suggest that FoxO is expressed in non-neural 251 tissues like the epidermis but is absent or expressed at very low levels in C4da da neurons. We also 252 found that foxo-Gal4 is expressed in a subset of neurons and non-neural cells in the larval brain and 253 ventral nerve cord ( Figures S4E and S4F) . Figure 2A and 2D, respectively. (M) Quantification of normalized dendritic length in control, foxo RNAi and foxo overexpression animals in HY and LY conditions. Each circle represents a neuron; HY: n=17 for Gal4 ppk , n=11 for foxo RNAi, n=12 for foxo OE; LY: n=15 for Gal4 ppk , n=13 for foxo RNAi, n=12 for foxo OE. Gal4 ppk is the same dataset as figure 2G . (N-Q) Epidermal cells in the Gal4 R16D01 control and animals expressing Gal4 R16D01 -driven Atg8a RNAi in HY and LY conditions. (N) and (P) are the same as Figure 3D and 3F, respectively. (R) Quantification of epidermal cell size ratio (Gal4 R16D01 cells / WT cells) in HY and LY conditions. Each circle represents a segment; HY: n=18 for control, n=10 for foxo RNAi; LY: n=16 for control, n=18 for foxo RNAi. For all quantifications, ***p<0.001; **p<0.01; *p<0.05; ns, not significant; One-way ANOVA and Tukey's HSD test. Black bars, mean; red bars, SD. Scale bars, 10 μm in (A), (B), (D) and (E); 100 μm in (G-L); 50 μm in (N-Q). Figures 4N-4R ).
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Above results collectively suggest that FoxO affects the growth of C4da neurons and epidermal cells 269 differentially: In neurons, although high FoxO levels are growth-inhibitory, endogenous FoxO is likely 270 expressed at too low levels to directly affect dendrite growth; in epidermal cells, FoxO is expressed at a 271 much higher level, but only inhibit cell growth under nutrient stress. Overexpressed FoxO exerts its effects through modulating Tor signaling and autophagy 273 We next used pRpS6 staining to examine whether overexpressed FoxO affects dendrite growth by 274 inhibiting Tor signaling. In HY, neuronal FoxO overexpression did not cause detectable changes in the 275 ratio of pRpS6 levels between neuronal compartments and epidermal cells ( Figures 2M, 5A , 5C, and 276 5D). However, in LY, while pRpS6 levels in the somas of FoxO-overexpressing neurons were still 277 higher than in epidermal cells, the dendritic pRpS6 signal was reduced to levels lower than those of 278 epidermal cells ( Figures 5B-5D ). We further examined the autophagy level of FoxO-overexpressing 279 neurons using mCherry-Atg8a. While the autophagosome level in C4da cell bodies was not altered by 280 FoxO-expression in HY, it increased 4.9 folds in LY ( Figures 4E-4G) . These data suggest that nutrient 281 n=17 for foxo RNAi; LY: n=20 for control, n=16 for foxo RNAi. The control datasets are the same as in Figure 2P . (E and F) mCherry-Atg8a (magenta) in ddaC soma (green) of Gal4 ppk -driven UAS-foxo animals in HY and LY. The soma images are projections from thinner volumes only containing the soma. (G) Quantification of mCherry-Atg8a levels in ddaC soma measured by the area percentage of mCherry-Atg8a-positive vesicles. Each circle represents a neuron; HY: n=12 for control, n=9 for foxo OE; LY: n=13 for control, n=6 for foxo OE. For all quantifications, ***p< 0.001; ns, not significant; One-way ANOVA and Tukey's HSD test. Black bars, mean; red bars, SD. Scale bars, 10 μm. in HY and LY media. Interestingly, at a given temperature, a larger percentage of LY larvae showed 292 response (from 40℃ to 46℃) and fast response (from 45℃ to 48℃) than HY larvae ( Figures 6A and   293 6B). In general, the temperatures required to induce response in a similar percentage of larvae were 294 generally 2°C lower for the LY condition than for the HY condition. When tested specifically at 46°C, 295 most of the LY larvae responded within 6 s while HY larvae showed a broader range of durations 296 needed to respond ( Figure 6C ). These data suggest that nutrient stress sensitizes larvae so that they react 297 more acutely to noxious heat. 298 We next examined the effects of FoxO overexpression in C4da neurons by stimulating the larvae 299 at 46℃. FoxO overexpression did not significantly change the rolling behviors of HY larvae but reduced 300 percentages of LY larvae that showed response and fast response ( Figures 6D and 6E ). This decrease of Figures 7A-7C ). However, nutrient stress 313 stimulated the dendritic growth of C3da neurons ddaA and ddaF: the total dendrite length increased by 314 40% and 32%, respectively; the total terminal dendrite length increased by 61% and 46%, respectively; 315 the terminal branch numbers increased by 47% and 58%, respectively ( Figures 7D-7H ). These data 316 suggest that nutrient stress promotes overbranching of complex dendritic arbors of C3da and C4da 317 neurons but not simple arbors of C1da neurons.
We then examined whether C1da and C4da neurons are subjected to the same regulation of 319 autophagy as C4da neurons under nutrient stress. Interestingly, the cell bodies of these neurons showed 320 variable and cell-specific baseline autophagy levels in HY, as indicated by mCherry-Atg8a, but these 321 Figure 7 . Different types of somatosensory neurons respond to nutrient stress differentially. levels did not appear to be altered by the nutrient level ( Figures 7I-7K) . Similarly, C3da neurons showed 322 low and nutrient-independent lysosomal level ( Figure S5A, S5B, 7C) . Interestingly, the C1 ddaE 323 showed a much higher level of the lysosomal marker Lamp-mCherry than other da classes in HY, and 324 this level was enhanced 2.7 folds by nutrient stress (Figure S5A, S5B, 7C ), suggesting that C1da In this study, we show that Drosophila C3da and C4da neurons exhibit a growth advantage over not with environmental nutrition availability. In contrast, C3da and C4da neurons have highly dynamic 391 high-order branches that grow also by branching and tip extension. The lack of FoxO-mediated growth 392 suppression therefore leads to dendrite hyperarborization. As these neurons sense mild to extreme levels 393 of external stimuli, the heightened sensations allowed by their dendrite overgrowth may bestow the larva 394 a survival advantage in an unfavorable environment. Animals were raised at 25°C in density-controlled vials containing between 50-70 embryos collected in 399 a 3-hour time window. To achieve optimum embryo densities, approximately 50 virgin females were 400 aged 5 days on molasses food with yeast paste, crossed with approximately 15-20 males, and then 401 allowed to mate for 1-2 days on molasses food with yeast paste. Embryo collections were then 402 performed in a 3-hour time window on both 1% and 8% yeast food. Third instar larvae at 86 hrs AEL on 403 8% yeast or 216 hrs AEL on 1% yeast were mounted in glycerol and imaged with a Leica SP8 confocal.
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METHODS AND MATERIALS
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Key Resources
404
The A2-A3 segments of 8-10 larvae were imaged for each genotype using a 20X oil objective. To image 405 larvae younger than 72 hrs AEL, larvae were anesthetized by isoflurane for 2 minutes & then mounted 406 in halocarbon oil. To image FoxO-GFP under normoxia, larvae were handled with care and imaged 407 within 2 minutes after mounting on slides. For imaging under hypoxia, larvae were left on the slides for 408 5 minutes before imaging.
409
Fly Food Recipe
410
Fly food was prepared using the following recipes (for the dispersal of ~12 mL into 20 vials). Acid Mix was made by preparing Solution A (41.5 ml Phosphoric Acid mixed with 458.5 ml (ProDev Engineering, TX) was used to apply the heat onto the larval body surface. The stimulus was Han, C., Jan, L.Y., and Jan, Y.N., 2011. Enhancer-driven membrane markers for analysis of 520 nonautonomous mechanisms reveal neuron-glia interactions in Drosophila. Proc Natl Acad Sci U S A 521 108, 9673-9678. https://doi.org/10.1073/pnas.1106386108.
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